High-cell-density cultivation of yeast was investigated using the agricultural waste products corn steep liquor (CSL) and molasses. The Saccharomyces cerevisiae KV-25 cell mass was significantly dependent on the ratio between C and N sources. The concentrations of molasses and CSL in the culture medium were statistically optimized at 10.25% (v/v) and 16.87% (v/v), respectively, by response surface methodology (RSM). Batch culture in a 5-l stirred tank reactor using the optimized medium resulted in a cell mass production of 36.5 g/l. In the fed-batch culture, the feed phase was preceded by a batch phase using the optimized medium, and a very high dried-cell-mass yield of 187.63 g/l was successfully attained by feeding a mixture of 20% (v/v) molasses and 80% (v/v) CSL at a rate of 22 ml/h. In this system, the production of cell mass depended mainly on the agitation speed, the composition of the feed medium, and the glucose level in the medium, but only slightly on the aeration rate.
Yeast cells have been used as the inoculum in large-scale bioethanol production and to produce yeast extract or cattle feedstock supplement [11] . Furthermore, yeast cells have been employed to produce commercial products including hexokinase, glucose-6-phosphate dehydrogenase, invertase, and nucleic acids [1, 2] . The production of high cell mass from low-value and renewable materials is of great interest. Molasses, a by-product of the sugar industry, is one of the cheapest sources of carbohydrates [26] . Molasses contains water (17-25%), sugar (~50%), polysaccharides (~25%), nitrogenous substances, vitamins (thiamine, riboflavin, pyridoxine, folic acid, biotin, and pantothenic acid), and trace elements [4, 19] . Corn steep liquor (CSL), a byproduct of the corn wet-milling industry, is also one of the cheapest sources of nitrogen [27] . CSL contains water (~46%), proteins (~47%), amino acids, minerals, vitamins, reducing sugars, organic acids, enzymes, fat, and elemental nutrients [27] . These constituents are easily assimilated into normal cell metabolism [13, 27] .
Different cultivation modes, including fed-batch and continuous fermentations, have been used to increase yeast cell density. It has been proven that fed-batch cultures have many advantages, such as a high cell concentration, wide utility in bioindustry, and cost efficiency [9] . In fed-batch cultures, cell mass and productivity are maximized by controlling culture conditions such as temperature, pH, the composition of the feed medium, and feed rate.
In a previous study, we developed Saccharomyces cerevisiae KV-25, which produced a high ethanol concentration in a very high gravity medium and was successfully applied to an ethanol plant with high efficiency [24] . In large-scale ethanol production plants, the seed culture volume usually amounts to 4-10% (v/v) of the fermentation working culture. Hence, it is desirable to reduce the volume and cost of the seed culture using high-cell-density cultivation together with low-value and readily available materials. In the present study, we therefore aimed to use molasses and CSL for high-cell-density cultivation of S. cerevisiae KV-25 in a fed-batch system. Toward this goal, we dealt with the statistical optimization of the proportion between molasses and CSL for improving yeast cell mass production in batch culture using response surface methodology (RSM). Additionally, in a fed-batch culture using a 5-l stirred tank reactor, we investigated culture conditions including agitation speed, aeration rate, feed medium, and feed rate.
MATERIALS AND METHODS

Microorganism
S. cerevisiae KV-25 is a stock culture in our laboratory that was previously selected from more than 300 yeast strains as the highest *Corresponding author Phone: +82-31-220-2344; Fax: +82-31-220-2344; E-mail: kkim@suwon.ac.kr ethanol-producing strain [24] . S. cerevisiae KV-25 cells were activated on a YPD plate (1% yeast extract, 2% peptone, 2% dextrose, and 2% agar) at 30 o C for 2 days.
Preparation of Seed Culture
One loopful of activated yeast cells was inoculated into a 250-ml Erlenmeyer flask containing 100 ml of YPD broth (the basal medium). The culture was incubated at 30 o C in an orbital shaker (Model J-NSIL-R; JISICO, Korea) operated at 200 rpm for 18 h. The basal medium was substituted with molasses and CSL as carbon and nitrogen sources, respectively, where their mixing ratio was optimized using RSM. All of the media used were sterilized at 121 o C for 15 min.
Pre-optimization of Molasses and CSL Concentrations in a Shake-Flask Batch Culture We investigated the effects of various ratios of molasses to CSL in batch culture on cell mass production. Cultivation was performed in 250-ml Erlenmeyer flasks containing CSL [0% or 0.5% (v/v)] mixed with different concentrations of molasses [0. .5% (v/v)], to which distilled water was added to make a final volume of 98 ml, then the pH was adjusted to 6.6. In contrast, another cultivation was 
Determination of Dry Cell Mass Weight
Thirty-five to forty ml of culture was sampled at 6-8 h intervals and centrifuged at 1,550 ×g for 10 min at room temperature, and then washed five times with distilled water. The cell mass was dried in an oven at 100 o C to constant weight to determine the dried weight.
Experimental Design for Shake-Flask Cultures RSM was used to determine the optimal concentrations of molasses and CSL in shake-flask cultures. The variables were assigned according to Eq. (1):
where x i is the coded value of an independent variable, X i is the real value of an independent variable, X 0 is the real value of an independent variable at the center point, and ∆X i is the step change value. The behavior of the system was explained by the following second-order polynomial equation:
where y is the predicted result, β The batch culture was conducted in a 5-l STR (KF-5 L; Kobiotech Co. Ltd., Korea) equipped with sensors to measure temperature, dissolved oxygen (DO), pH, and oxygen. In the STR, the pH of the medium was maintained at 6.6 using a pH controller with 4 N NaOH and 4 N HCl. To optimize cell mass production, oxygen inputs in the range of 1.5 to 3 vvm and agitation speeds between 200 and 400 rpm were examined. Since production of cell mass was highest at 1.5 vvm and 350 rpm, these values were chosen for further studies. Table 1 ). The feeding rate was modulated using a peristaltic pump (MASTERFLEX; Cole-Parmer Instrument Co., U.S.A.).
Determination of Ethanol Concentration
Broth samples were centrifuged at 4,000 ×g for 10 min at room temperature, and then supernatants were filtered through a 0.20-µm Minisart RC-4 membrane filter (Sartorius Stedim, Biotech GmbH, 37070, Goettingen, Germany). The ethanol concentration in the filtered samples was analyzed by HPLC on a Shodex SH1011 column (8.0 mm ID, 300 mm) using a 0.01 N sulfuric acid mobile phase at a temperature of 50 o C, a flow rate of 0.6 ml/min, and a sample volume of 10 µl. The effluent from the column was monitored with a Shodex RI-101 detector. 
Determination of Sugar Concentrations
Total reducing sugars were quantified by the 3,5-dinitrosalicylic acid (DNS) method using glucose as the standard [18] . Glucose was measured using a Megazyme Kit (Megazyme International Ireland Ltd., Ireland).
RESULTS AND DISCUSSION
Growth of Yeast Cells in Shake-Flask Culture Using Basal Medium
The growth of yeast cells at various temperatures is shown in Fig. 1A . The incubation temperature affected cell mass production in the basal medium; the highest cell mass was obtained at 30 o C but decreased above this temperature. The results in Fig. 1B reveal that cell mass production also differed depending on the pH of the medium. The highest cell mass was obtained at pH 6.6; therefore, this pH was used in further studies. Maximal production was observed at 18 h of cultivation (Fig. 1C) ; hence, the cell mass obtained at this culture time was used as the inoculum in subsequent studies.
Optimization of Carbon and Nitrogen Sources by Statistical Analysis
Herein, the low-value and available materials molasses and CSL were used as carbon and nitrogen sources, respectively. The results shown in Table 2 indicate that the use of 9% (v/v) molasses resulted in the highest cell mass when the concentration of CSL was fixed at 0.5% (v/v), whereas using 15% (v/v) CSL resulted in the highest cell mass when the amount of molasses was fixed at 0.25% (v/v). The range of variables at different levels for the experiment was designed based on the dried cell weight obtained using the mixture containing 9% molasses and 15% CSL. The values for dried cell weight corresponding to the range of variables at different levels were subjected to analysis with the SAS 9.1 package to evaluate cell mass production using molasses and CSL. RSM was used to determine the optimal concentrations of molasses and CSL. The experiment was performed using two independent variables, molasses (X 1 ) and CSL (X 2 ), in a 2 2 full factorial design with four star points (α=±1.414) and four replicates at the center point. The experimental design and results after 18 h of cultivation are presented in Table 3 .
Regression analysis was performed to fit the response function to the experimental data ( Table 4 ). The R-squared value provides a measure of how much of the variability in the observed response values can be explained by the experimental factors and their interactions. A good model explains most of the variations in the response. The closer the R-squared value is to 1, the stronger the model and the better the response prediction. The coefficient of determination obtained herein (R 2 =0.898) indicates that the response equation provides a suitable model for the response surface of cell mass production, and the coefficient of variation (5.44%) suggests the high degree of accuracy and high reliability of the experiment [8, 14] . Based on the data shown in Table 4 , the following response equation was obtained:
where x 1 =coded value of molasses, x 2 =coded value of CSL, and y=dry cell weight. Fig. 2 shows a contour plot of the calculated response surface. The optimal points for variables were determined for maximal cell mass production; the optimal values for molasses (X 1 ) and CSL (X 2 ) were 0.816 and 0.374, respectively, and the optimal molasses and CSL concentrations were 10.25% (v/v) and 16.87% (v/v), respectively. The maximal value for cell mass predicted by the model was 10.72 g/l. When retesting was performed to confirm optimal conditions, a cell mass of 13.1 g/l was obtained after 18 h of cultivation. The optimized medium was tested in a 250-ml Erlenmeyer flask, and the results show that cell mass production was much higher than that obtained in the basal medium (Fig. 3A) .
Batch Culture in a 5-L Stirred Tank Reactor
Conditions such as agitation speed and aeration rate are essential factors in batch culture. Therefore, the effects of the agitation speed (200-400 rpm) and aeration rate (1-3 vvm) on cell mass production were examined. The Table 2 . Cell mass production using mixtures containing various ratios of molasses and CSL in shake-flask batch culture. temperature and pH of the medium were maintained constantly at 30 o C and 6.6, respectively. The results show that increased agitation speed resulted in an increase in cell mass (Fig. 3B) . Dissolved oxygen (DO) rapidly decreased to almost zero during the early fermentation stage (10-30 h) and remained very low (~5% of air saturation) until the end of the fermentation (Table 5 ). The change in DO during fermentation was similar to that observed by Kim et al. [10] . The highest levels of cell mass production attained at 350 rpm (36.5 g/l) and 400 rpm (37.2 g/l) were not significantly different; therefore, an agitation speed of 350 rpm was chosen for fed-batch culture. The effect of the aeration rate (1-2 vvm) on the production of cell mass was slight, and the cell masses produced (35.2-38.7 g/l) are similar to those obtained by Kim et al. [10] . The amount of total residual reducing sugars in the culture medium was dependent on the agitation speed; the higher agitation speeds resulted in lower percentages of residual reducing sugars (Fig. 3C) .
Fed-Batch Strategy
In the fed-batch strategy, the feed phase was preceded by a batch phase using the optimized medium containing 10.25% (v/v) molasses and 16.87% (v/v) CSL to produce high biomass. Since the occurrence of ethanol fermentation in the fed-batch culture due to the high glucose content in the culture medium resulted in a decrease in biomass yield, the feed phase was started after the glucose was almost consumed after 24 h of cultivation. An appropriate feed flow rate has been estimated in order to obtain a culture medium containing glucose below 1 g/l [3] . Herein, 30-70% (v/v) molasses was fed continuously at a rate of 5- 
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20 ml/h and the results for cell mass production are shown in Fig. 4 . DO decreased rapidly, following the same trend as in the batch culture described above and in the fed-batch culture performed by Kim et al. [10] . Varying the feeding strategy resulted in different cell mass yields; 50% (v/v) molasses fed at a rate of 15 ml/h produced the highest dry cell weight, 62.6 g/l, whereas 30% (v/v) molasses fed at 20 ml/h and 70% (v/v) molasses fed at 10 ml/h produced dried cell weights of 37.5 and 46.7 g/l, respectively (Table 5 ). In addition, the use of different feed media and feed rates in the fed-batch culture resulted in the production of different levels of glucose, ethanol, and reducing sugars (Table 5 ). There was a tendency for the concentration of reducing sugars, glucose, and ethanol in the media in the reactors to be elevated with increased molasses concentration and increased feeding rate. When the amount of molasses in the feeding medium was 70%, the increased feeding rate resulted in a distinctly higher ethanol concentration and consequently lower cell mass production. (Fig. 5A) show that the concentration of molasses in the feed medium affected cell mass production. The highest cell mass production (187.63 g/l) was attained after 100 h of cultivation using a feed medium containing a mixture of 20% molasses and 80% CSL (m20c80), followed by 153.2 g/l using 30% molasses and 70% CSL (m30c70), and 145.5 g/l using 40% molasses and 60% CSL (m40c60), whereas the lowest cell mass (37.1 g/l) was obtained with a mixture of 10.25% molasses and 16.87% CSL (m10.25c16.87) ( Table 6 ). These data indicate that cell mass production increased with increasing concentrations of CSL in the feed medium, but it did not increase with elevated concentrations of molasses. In the fed-batch culture, air saturation also exhibited a similar tendency to that observed in the batch culture (Fig. 5C) . According to the literature published thus far, fed-batch culture is the best way to produce maximal cell mass. Thus, different concentrations of glucose fed continuously have resulted in the production of various levels of biomass: 120 g/l after 65 h of cultivation with S. cerevisiae YE-1 [21] , 185 g/l after 84 h with Rhodotorula glutinis [20] , 106 g/l after 134 h with Rhodosporidium toruloides Y4 [12] , 153 g/l after 140 h with Lipomyces starkeyi [28] , 32 g/l after 80 h with S. cerevisiae KCTC 2805 [7] , and 140 g/l after 57 h with S. cerevisiae T65 [25] . Furthermore, using other feed media, high cell mass production has also been achieved: 130 g/l with S. cerevisiae DS28911 using a The feed media m10.25c16.87, m50c50, m40c60, m30c70, m20c80, m10c90, m70c30, m60c40, c100, and c80 were fed continuously at the rates given in Table 5 mixture of sucrose and nutrients [6] , 95.7 g/l after 80 h of cultivation with S. cerevisiae JUL3 using 50% molasses [10] , and 118 g/l after 50 h with Candida curvatus using glycerol [16] (Table 7) . Compared with these results, in the present study, the highest cell mass of 187.63 g/l was attained after 100 h of cultivation with S. cerevisiae KV-25 using an inexpensive feed medium consisting of a mixture of 20% molasses and 80% CSL (Tables 6 and 7) .
Effects of Ethanol and Glucose in Fed-Batch Culture on Biomass Production By maintaining a very low level of ethanol production in S. cerevisiae, a high cell mass has been efficiently achieved; therefore, the production of ethanol should be avoided during yeast generation [21, 22] . In this study, different levels of ethanol produced during fed-batch culture significantly affected the production of biomass. A higher level of ethanol production causes reduced biomass yield because energy and substrate in the medium are diverted toward the ethanol production pathway, consequently leaving less energy and substrate available for production of cell mass. The results shown in Fig. 5B demonstrate that the less ethanol produced in the fed-batch culture, the greater the cell mass yield, a finding that is similar to that of Shang et al. [21] . The highest cell mass yield, 187.63 g/l, was attained by feeding with a mixture of 20% (v/v) molasses and 80% (v/v) CSL, whereas the ethanol produced was about 0.25% (v/v) (Fig. 5B ), but a high ethanol level [0.55-1.85% (v/v)] was produced with a feed medium containing 70% molasses, resulting in a low cell mass yield (33-46.7 g/l) ( Table 5 ). Fermentation and respiration occur simultaneously when the uptake of excess glucose exceeds the capacity for complete oxidation [22] . To obtain a high yield of cell mass during cultivation of S. cerevisiae, the concentration of carbohydrate in the feed medium must be maintained below the level that allows the maximal yeast respiratory capacity to overcome repression induced by the availability of excess substrate [17, 21] . High glucose concentrations in S. cerevisiae fed-batch cultures have resulted in low biomass yields [3, 7] because high glucose levels induce ethanol fermentation and inhibit production of cell mass [3] . The critical glucose concentration depends on both the strain and the culture conditions [3, 5, 15, 23] . In the present study, the highest cell mass yield was obtained in the fed-batch culture by feeding with a mixture of 20% molasses and 80% CSL, where the glucose level was about 0.2% (w/v) (Fig. 5D ). The use of other feed media resulted in a higher level of glucose and low cell mass yield.
Based on the above results, we conclude that molasses and CSL are suitable and economical medium components for the production of high cell mass by S. cerevisiae KV-25. The optimal proportion of carbon and nitrogen sources in the batch culture was determined by statistical RSM to maximize cell mass production; the values obtained were 10.25% (v/v) molasses and 16.87% (v/v) CSL. The production of cell mass was affected mainly by the agitation speed and slightly by the aeration rate. In the fed-batch culture, the optimal molasses and CSL concentrations were employed in the batch phase preceeding the fed-batch phase, and then a mixture of 20% molasses and 80% CSL was fed at the rate of 22 ml/h. This method resulted in a very high cell mass of 187.63 g/l, which is much higher than that produced by the batch culture (36.5 g/l). This strategy significantly improved biomass production and will be useful for the further development of a cost-effective seed culture for bioethanol production.
